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Introduction
Use of the yeast two hybrid system as a screening
method for the detection of novel protein–protein inter-
actions is an increasingly popular and useful technique.
Many reviews have already been written concerning the
background and development of the systems used [1–6].
Here I hope to answer some of the most commonly asked
questions concerning the applications of the two hybrid
system, look at its advantages and disadvantages, and
describe some of the newer applications of the system
including the so-called ‘three hybrid’ and ‘reverse two
hybrid’ approaches.
Nuts and bolts
The two hybrid system takes advantage of the modular
domain structure of eukaryotic transcription factors: tran-
scriptional activation and sequence-specific DNA-binding
regions exist as separable domains which need to be physi-
cally associated, though not necessarily covalently linked,
for reconstitution of activity [7]. In the two hybrid system,
activation of reporter constructs occurs when the two
domains are brought together through the interaction of two
polypeptides expressed as activation domain and DNA-
binding domain fusion proteins (Fig. 1) [8,9].
Two hybrid systems all require the expression of these
two fusion proteins from specially designed vectors: 
one encodes the sequence-specific DNA-binding domain,
such as that from the yeast transcription factor GAL4, or
the bacterial repressor protein LexA. The second vector
encodes the transcription activation domain, usually from
either GAL4 or the herpes simplex virus protein VP16.
Although strong activation domains should, in principle,
allow detection of weaker interactions, their expression
can also be deleterious to the cell due to generalized
effects on transcription, such as ‘squelching’. These fusion
proteins are expressed either from a strong constitutive
promoter, such as ADH1, or from a conditional promoter;
the latter may be advantageous if for any reason constructs
are deleterious to yeast growth. In library screening exper-
iments, the protein used for screening is usually expressed
as a DNA-binding hybrid (the ‘bait’), while the plasmids
of the cDNA library express activation domain fusion pro-
teins (the ‘prey’).
The third essential component is the yeast strain in which
the interaction assays will be performed. This must fulfil
certain requirements, including auxotrophic mutations for
the maintenance by growth selection of the various plas-
mids involved and, in GAL4-based two hybrid systems,
deletion of genes encoding wild type GAL4 and the
GAL4-binding protein GAL80. It is worth noting that
GAL4 deletion strains cannot be used in conjunction with
conditional GAL1 promoters which require wild type GAL4
protein. The yeast strain also contains appropriately regu-
lated reporter constructs controlled either by the LexA
operator, or a GAL4-binding domain (e.g. from GAL1),
which are either integrated into the genome or present as
multicopy plasmids. The reporter construction determines
its sensitivity; this in turn will determine the stringency
with which interactions will be detected and so is an impor-
tant factor in setting up screens. Reporters can differ in the
number and affinity of upstream binding sites for the bait,
and in the position of these sites relative to the start of tran-
scription. All these factors can affect the strength of protein
interaction detected. The most commonly used reporter is
the lacZ gene, which encodes the enzyme b-galactosidase.
The expression of lacZ can be monitored using a colorimet-
ric assay based on the activity of b-galactosidase, and is
useful for visual assays of binding activity on plates con-
taining 3-bromo-4-chloro-3-indoyl-b-galactoside (X-gal), or
in in vitro assays as an indication of the reporter activity.
Other commonly used reporters are yeast genes, such as
HIS3 or LEU2, which can give a growth selection for inter-
action and so are very useful for screening large numbers 
of yeast colonies for interacting clones.
A variant of the yeast two hybrid system has been used 
in mammalian cells. Various reporters have been used,
including the gene encoding chloramphenicol resistance
(CAT), the cell surface marker CD4, and the resistance
gene for Hygromycin B, which allows growth selection
[10]. This technique may prove to be most useful for the
study of protein–protein interactions which are dependent
upon protein modifications, or specific conformational
states which do not occur in yeast.
Commonly asked questions
How easy is it to do technically?
Very few specialized techniques are required for two
hybrid work, though a basic knowledge of yeast culture,
and an appreciation of yeast genetic techniques is  a con-
siderable advantage; I would strongly recommend consult-
ing your local Saccharomyces cerevisiae expert.
Will my protein be suitable for analysis in this system?
The most common reason for a protein being unsuitable
for two hybrid analysis is that it activates transcription
when expressed alone, either as a DNA-binding or activa-
tion domain hybrid. It is very difficult to predict whether
this will be the case, and unfortunately the only definitive
answer will come from making a construct, and testing 
it in yeast. If the protein does, for instance, activate tran-
scription strongly, the only answer may be to test trun-
cated versions. For mapping interaction domains this may
not be a problem, but screening libraries with a truncated
protein that may not have its full binding capabilities may
not be such an attractive prospect.
How long will it take and is it time consuming?
The length of time required for two hybrid screening 
can be very variable: unfortunately false positives nearly
always occur and must be excluded. A two hybrid screen
will take a couple of months from beginning to end,
though this is obviously dependent upon how many posi-
tive colonies you pick to analyze! The simple testing of
one protein against another will take considerably less
time. Two hybrid experiments begin intensively with the
construction of expression constructs, but yeast transfor-
mation and the analysis of results is less intensive. If you
are screening libraries, the isolation of plasmids, sequenc-
ing and retransformation to check for false positives can 
be a full time occupation.
Where can I get the components from and will it be expensive?
Two hybrid systems, including libraries, are now available
commercially, though they may also be available through
academic contacts. Yeast culture and transformation are
not very expensive procedures; the cost will be approxi-
mately the same as that of work with Escherichia coli. The
only specialist pieces of equipment required are a temper-
ature controlled incubator and shaker for yeast cultures.
Possibly the most expense will be incurred if you buy
vectors, and especially libraries, commercially.
Are there any tricks I can use to save myself a lot of work?
Plasmids containing a range of antibiotic markers have
been described which ease the identification of plasmids
rescued into E. coli [11]. An alternative is to identify plas-
mids by complementation of auxotrophic mutations in
E. coli: for instance, LEU2 complements leuB6, and TRP1
complements trpC. Recently, it has become feasible to use
mating assays in which plasmids are tested against each
other by mating yeast strains containing the relevant plas-
mids, rather than using co-transformation [4,12]. These
methods not only save time in routine work, but make
extended analysis of protein networks possible (see below).
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Figure 1
Four examples of two and three hybrid approaches. (a) The DNA-
binding domain fusion protein (the bait) specifically binds the upstream
activation sequence (UAS) in the reporter construct. The interaction of
the activation domain fusion protein (the prey) with the bait results in
the expression of the reporter construct. (b) The plasmid expressing
the activation domain fusion protein has been subject to mutagenesis,
and here we see a protein mutated in the protein-interaction domain.
As the two fusion proteins can no longer interact, reporter gene
expression is not turned on. (c) Expression of a third protein which
binds strongly to the bait results in the dissociation of the bait–prey
complex; as above, reporter expression is turned off. Growth of yeast
colonies where interactions are disrupted can be directly selected for
by the use of a counter-selectable marker. (d) In this three-way
interaction, the interaction between bait and prey is mediated by, and
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Will I get a good result out at the end?
Screening in the two hybrid system is unpredictable, so
you must accept the risk of a ‘negative result’. Use of the
two hybrid system for the analysis of single protein–
protein interactions gives more straightforward results,
although a positive result will have to be backed up by bio-
chemical data, preferably in vivo, for it to be acceptable for
publication. Negative results are more difficult to interpret:
‘false negatives’ are possible for a variety of reasons (e.g.
protein instability, problems with nuclear localization and
toxic effects to the yeast cell). Some of these possibilities
are testable, for example protein expression can be exam-
ined by Western blotting. The availability of antibodies
need not be a problem: many two hybrid vectors express
epitope tags, or GAL4/LexA monoclonal antibodies are
available. To test whether a LexA fusion protein reaches
the nucleus a repressor assay can be used: a reporter 
construct is used which expresses LacZ from the GAL1
promoter, but which contains a LexA operator between 
the GAL1 upstream activation sequence and lacZ [4,13].
Binding of the LexA–fusion protein results in a decrease in
LacZ expression. Another problem that is not widely dis-
cussed is steric hindrance: if two proteins interact across 
a wide interface, it is possible that the activation domain
may be sterically prevented from activating transcription.
Applications
Screening libraries
This form of analysis has been widely used to great 
effect to detect novel protein–protein interactions. It has
the advantages that protein–protein interactions may be
detected in a eukaryotic cellular environment and many
potential interactors can be rapidly and simultaneously
screened. The only requirements are a cDNA clone of the
bait protein, and a suitable cDNA library for screening. No
additional reagents, such as high specificity antibodies or
specialized protein purification techniques are required.
Once positive results are obtained, DNA sequencing of
the library plasmids will provide information concerning
the primary structure, and possibly the identity, of the
interacting protein. The isolation of truncated fusion pro-
teins can give immediate information about interaction
domains. As the level of reporter activation correlates 
well with the specific binding activities, measurement 
of reporter activity gives an immediate indication of the
strength of the interaction [14]. The binding of bait pro-
teins to wild type and mutant versions of your prey can be
compared: for example, Iwabuchi et al. have used this
method to identify proteins that bind to wild type, but not
mutant forms of p53 [15].
The most common problem associated with this technique
is the identification false positives. These are fusion pro-
teins that activate transcription when expressed alone, or
show a high level of non-specific interactions. A very useful
table of commonly identified two hybrid false positives 
has been compiled (http://www.fccc.edu:80/research/labs/
golemis/InteractionTrapInWork; a web page which gives
details of false positives identified in two hybrid screens).
The elimination of false positives requires extensive
control experiments: clones must be tested alone and in
combination with a number of unrelated bait fusion pro-
teins. A popular criticism aimed against two hybrid screen-
ing experiments is that it detects protein interactions that
do not necessarily occur in vivo. It is worth remembering
that nearly all methods for analyzing protein interactions
can result in artefacts!
Analysis of protein interaction domains
Once an interaction between two proteins in the two
hybrid system has been established, then specific inter-
action domains can be investigated. This form of analysis,
as described above, is not technically difficult and does
not require specialized reagents, though it may not yield
such rapid results as in vitro analysis. 
In a simple approach, subdomains of proteins may be
expressed, or deleted, and the resulting constructs tested
for interactions with known partners; in this way it can 
be possible to identify distinct interaction domains. For
example, this approach has been successful in defining the
region of proliferating cell nuclear antigen (PCNA) essen-
tial for its interaction with the CDK inhibitor p21Cip1,
results which have recently been confirmed by detailed
structural studies [16,17]. Studies of homodimerization
can very conveniently be carried out in the two hybrid
system as specialist labelling or tagging of proteins is not
required. In one of the founding two hybrid system
papers, Chien et al. extensively studied homodimeriza-
tion of the SIR4 protein, and identified the small region
required for this process [9]. Another advantage of the
system lies in the genetic aspect of the two hybrid
approach: mutant plasmids can be screened for changes
that disrupt the protein–protein interaction by looking 
for loss of reporter expression (see ‘reverse two hybrid’
below). Such an approach has been used to screen for p53
mutants which can no longer bind to SV40 large T antigen
[18]. Reymond and Brent have used the two hybrid
system in a study of the cyclin-dependent kinase (CDK)
binding capacity of p16 allelic variants detected in
melanoma-prone families [19].
Peptide–protein interactions
Combinatorial libraries are being increasingly used as a
means for identifying ligands in biologically important
interactions, and peptide libraries in particular have the
advantage that they can be expressed in vivo. Phage
display, in which a peptide motif is expressed on the
surface of filamentous phage is widely used [5]. Once such
a phage library has been screened by sequential rounds of
affinity enrichment, the primary structure of the displayed
ligand can be identified by DNA sequencing of the phage
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DNA. In these forms of analysis, the DNA is acting as a
molecular ‘tag’ for the primary sequence of the ligand.
Methods for screening peptide libraries for interactions 
in the two hybrid system are now available, these have
unique features which make them a valuable form of
screening. This form of two hybrid screening has the
advantage that peptides may be expressed in a variety of
contexts. Peptides have been expressed directly fused to
the GAL4 activation domain, or as structurally constrained
motifs displayed as part of a larger protein [20,21]. The
E. coli protein thioredoxin (TrxA) has been used in this
way: it is small, soluble and readily expressed in E. coli,
thus providing a readily usable biochemical tool. This
approach has all the advantages associated with two hybrid
analysis, and particularly has the advantage over phage
display screening in that a single round of screening allows
the direct detection of clones with varying binding affini-
ties, as reflected in levels of reporter gene expression.
Once interacting peptides have been identified, then they
are amenable to genetic approaches, such as mutagenic
PCR, to identify residues essential for the interaction. In
one study, seven peptides capable of binding the product
of the Retinoblastoma tumour suppressor gene (Rb) were
identified: all contained a common motif, which was
further analyzed by mutagenesis [20]. Colas et al. selected
CDK2-binding peptides expressed within TrxA [21].
These peptides showed distinct patterns of cross-reactiv-
ity with different CDKs, although none shared specific
motifs. These peptide aptimers seem to share some of the
characteristics of monoclonal antibodies. The expression
of peptides may also be used in the analysis of the dissoci-
ation of protein–protein interactions (see below).
Reverse two hybrid analysis
Using a reverse two hybrid approach, positive selection 
can be imposed for dissociating mutations in interacting
proteins (Fig. 1) [6,22,23]. One approach involves the use
of the yeast URA3 gene as a reporter. Not only is the
URA3 gene product essential for uracil biosynthesis, it also
catalyzes the conversion of the artificial substrate 5-fluo-
roorotic acid (5-FOA) into a toxic compound. Thus plas-
mids expressing interacting two hybrid fusion proteins can
be mutagenized (separately or simultaneously), introduced
into yeast and colonies where the interaction no longer
takes place selected for by the inclusion of 5-FOA in the
medium. Vidal et al. have used this system to identify
mutations in the transcription factor E2F1 that disrupt het-
erodimerization with its binding partner DP1 [23]. They
showed it was possible to exclude relatively uninteresting
mutations, such as truncations and frame shifts, by employ-
ing a secondary screen using a very sensitive HIS3 reporter
gene, which identified clones retaining a very weak DP1-
binding capacity. For strongly dissociating mutations, it
was necessary to screen the E2F1 mutants for their ability
to bind Rb, which interacts with the C terminus of E2F.
The application of this form of reverse technology to
library screening opens the door to large scale experiments
which previously were unfeasible.
Detecting three-way interactions
This variant of two hybrid analysis can be used to examine
the formation of heterotrimeric complexes. Reporter expres-
sion is dependent on the assembly of activation and DNA-
binding domains, but in this case the interaction is medi-
ated by a bridging protein (Fig. 1) [24]. In this example, the
DNA-binding domain and transcriptional activation domain
fusion proteins interact independently with separate
domains of a third protein, a bridging protein, though not
with each other; reporter activation is, therefore, dependent
upon co-expression of the bridging protein. This very
elegant way to demonstrate a three-way interaction is
limited to fusion proteins that do not interact and to bridg-
ing proteins that do not multimerize, otherwise the two
fusion proteins could interact with separate bridging mol-
ecules. Van Aelst et al. first used this technique to demon-
strate that Ras and the protein kinase MEK have distinct
binding domains within the Raf oncogene, which is also a
kinase, and that the three can form a complex [24]. A variant
of this system using an RNA bridging molecule has also
been used [25].
Screening for the dissociation of protein interactions
Recently the ideas of counter selection and the three
hybrid approach have been combined in the develop-
ment of screens for molecules that induce specific
protein–protein dissociations (Fig. 1) [6,22,23]. The URA3
reporter gene is used counterselectively, so where expres-
sion of a third protein results in the dissociation of the two
hybrid pair, 5-FOA resistance is conferred on the trans-
formed cells. Vidal et al. showed the feasibility of such
experiments using the adenovirus protein E1A, which is
known to disrupt the interaction of E2F with Rb and p107
in vivo, and proposed that either peptide or protein
libraries could be screened for dissociating molecules
[22,23]. It should be possible to identify not only specific
competitors of protein interactions, but also molecules
which induce structural changes in either interacting
partner that result in dissociation. In all diseases attributed
to a particular protein–protein interaction, specific dissoci-
ation can be viewed as a potential therapeutic strategy.
The identification of peptides capable of dissociating
these interactions will be valuable as lead compounds for
drug discovery programs.
Analysis of protein interaction networks
Using mating assays, pairs of two hybrid plasmids can be
brought together by crossing yeast strains and analyzing the
diploid progeny, rather than by using co-transformation.
This method was originally devised to facilitate the testing
of prey plasmids against a variety of controls [12]. Inter-
action mating has now been used to examine interactions
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between small sets of proteins. Finley and Brent used this
approach to test a set of cyclin-dependent kinase (CDK)
interactors for interaction with a range of CDKs [26]. This
approach has been extended to library screening: the
library is stored as a bank of yeast transformants which is
mated to a strain containing the bait plasmid, the resulting
progeny are screened for reporter expression [27].
The mating assay has proved to be an essential tool in the
use of the two hybrid system to analyze protein interaction
networks [28]. In the first example of this approach, Bartel
et al. have applied two hybrid technology to characterize
protein interactions within an entire genome [29]. In order
to identify binary interactions between the bacteriophage
T7 proteins they screened two genomic libraries against
each other: one expressing activation domain hybrids the
other expressing DNA-binding domain hybrids. This was
done initially in pools, followed by individual testing. 
An unexpected finding of these experiments was the
identification of intramolecular associations. This form of
interaction has not previously been widely detected, pre-
sumably because predominantly full length proteins, in
which intramolecular domains are not revealed, are used
for interaction screening. The two hybrid assay could thus
be used to complement biochemical and biophysical
analyses of protein folding and structure. The scaling up
of such mapping experiments to give protein interaction
maps for an entire organism is an exciting prospect.
Conclusions
From the seminal observation made by Fields and Song in
1989, the two hybrid system has rapidly developed into an
incredibly robust and versatile method for the study of
protein–protein interactions. If progress in the next eight
years matches that which has been made up until now, then
the prospects for the application of this form of analysis are
mind-boggling.
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